We describe a novel dual-modality imaging approach that integrates diffuse optical tomography (DOT) and photoacoustic imaging (PAI) through a miniaturized handheld probe based on microelectromechanical systems (MEMS) scanning mirror. We validate this dual-modal DOT/PAI approach using extensive phantom experiments, and demonstrate its application for tumor imaging using tumor-bearing mice systematically injected with targeted contrast agents. three-dimensional spectral domain endoscopic optical coherence tomography using a microelectromechanical system mirror," Opt. Lett. 32(22), 3239-3241 (2007).
Introduction
Diffuse optical tomography (DOT) is an emerging modality capable of offering high contrast in both tissue absorption and scattering with centimeter penetration [1] , while photoacoustic imaging (PAI) is a rapidly growing technique that can provide high resolution imaging of tissue absorption with millimeter penetration [2] . DOT has been so far applied to the detection of breast cancer, arthritis and functional brain activities [3] [4] [5] [6] [7] [8] [9] [10] [11] , and PAI has been focused mostly on imaging vasculatures with limited application in tumor detection [2] .
Combining DOT and photoacoustic imaging into a single platform is a natural and valuable approach since such combination can take the advantages of both modalities. We reported for the first time such approach in 2007 [12] and have seen now several other studies in this regard [13] [14] [15] . These prior studies mostly were focused on a realization of combined DOT and photoacoustic imaging for large tissue imaging such as breast cancer detection. The goal of the current work is to realize a combination of DOT with PAI for relatively small tissue imaging (less than 1cm depth). An example of small tissue imaging is image-guided surgery. In such case, DOT will be used to estimate the location/size of the deeply located tumors and PAI will then be used to precisely identify the tumor margins when the imaging probe is close to the tumors. We achieve the integration of DOT and PAI through a miniaturized handheld probe based on microelectromechanical systems (MEMS). MEMS is a powerful technology for device miniaturization and has been applied to optical coherent tomography and confocal microscopy [16, 17] . We have recently demonstrated its application in photoacoustic imaging [18, 19] . Here we describe its application as a central component for the integration of DOT and PAI. We present three-dimensional DOT and PAI images using our DOT/PAI from a series of phantom and tumor-bearing mouse experiments.
Materials and methods
The schematic of the MEMS-based DOT/PAI system is shown in Fig. 1(a) , in which a MEMS mirror [ Fig. 1(b) ], embedded in a small-diameter imaging probe ( Fig. 1(a) (left) and Fig. 1(c) ), is used to perform laser beam scanning and an array of optic fibers coupled with a PZT ringshaped transducer (5.5MHz central frequency) [ Fig. 1(c) ], attached to the end of the imaging probe, are used to detect the diffused light and acoustic signal, respectively. The ultrasound transducer is placed 1cm inside the probe to keep a distance from the surface of object. The home-made MEMS mirror (aperture size: 1 × 1 mm 2 and footprint size: 2 × 2 mm 2 ) has four electrothermal bimorph-based actuators made from a lateral-shift-free large-verticaldisplacement (LSF-LVD) design [18, 19] . 2D scanning can be realized by applying different voltages to the four actuators. The PAI subsystem was previously described in detail in [18, 19] . Briefly, a light beam of 0.8mm in diameter from a pulsed Nd:YAG 532 nm laser (532nm, 20ns pulse width, 10Hz repetition rate; EKSPLA, NL 303HT, Lithuania) is delivered via the imaging probe to the surface of the object and the ring-shaped transducer detects the laser-induced photoacoustic signal. By MEMS scanning the laser beam, a 2D PAI image covering a field of 6mm × 6mm is obtained. The image formation method is similar to that for B-mode ultrasound imaging [2] . In the experiments, the transducer and the sample are immersed in water to minimize ultrasound attenuation. The axial resolution of the PAI subsystem is less than 0.5mm and the lateral resolution is 0.2-0.7mm depending on the target depth [18, 19] .
In the DOT subsystem, the laser beam generated by a continuous-wave (CW) 780nm diode laser (Openxt, HL7301MG, Japan), is scanned on the surface of the object via the MEMS mirror. Two function generators (Tektronix, Afg3022B, OR) connected with the MEMS mirror are used to direct the scanning position of the laser beam precisely. As shown in Fig. 1(c) , the optical fiber array (25mm in diameter) contains 38 optical fiber bundles (1.2mm in diameter each). The pattern of the source (red) and detector (green) positions is shown in Fig. 1 . There are totally 21 scanned source positions and the distance between two nearby sources is 2mm. Thirty-eight detector fiber bundles are arranged along two circular paths having 16 mm and 21 mm in diameter, respectively. Diffused light collected by the detector fiber array is recorded by a 1024 × 1024 pixels CCD camera (Princeton instruments, PIXIS, NJ). The DOT images are reconstructed using our finite element based algorithms and the spatial resolution is about 3-4mm [1] .
In our PAI/DOT system, a Visual C++ program is used to control the function generators, CCD camera, and the data acquisition process. The data acquisition time lengths are about 5 minutes for PAI and 1 minute for DOT, respectively.
Results and discussion
To demonstrate the ability of this integrated DOT/PAI probe, several sets of phantom experiments were performed. In the phantom preparation, tissue absorption and scattering were simulated with India ink and Intralipid, respectively. Agar powder (2%) was used to solidify the mixed Intralipid-India ink solution. The background of the phantom in this paper had an absorption coefficient of a μ = 0.01 mm −1 and a reduced scattering coefficient of s μ′ = 0.6 mm −1 . In the DOT reconstructions, a single mesh of 1560 nodes and 7056 triangular elements was applied, and the images were converged within 15 iterations in a 3.2GHz PC with 4-GB memory, taking about 60s. A calibration method based on a homogeneous phantom was used to eliminate the system errors [20] [21] [22] [23] .
To evaluate this integrated probe in terms of target depth, and contrast and size sensitivity, a series of phantom experiments were conducted, in which common phantoms/objects were used for both DOT and PAI. (Fig. 2(c) ) and s μ′ ( Fig. 2(d) )) along a transect crossing each of the four targets (z = 6mm, 5mm, 4mm and 3mm, respectively). For the cases of 4mm and 5mm depths, both a μ and s μ′ are close to the actual value (0.05 mm −1 ). However, the accuracy of a μ and s μ′ recovery for the cases of 6mm and 7mm depths is decreased relative to the cases of 4mm and 5mm depths. It is also noted from Figs. 2(a) and 2(b) that the recovered value of a μ is more accurate than s μ′ . From Fig. 2 , we can see that the target was well reconstructed at a depth of up to 7mm for DOT, while we note that the target size was overestimated and the location shift little due to strong light scattering. Whereas we see that the target was detectable at a depth of up to 1.5mm with clearly higher resolution for PAI. It is also noticed that target could not be identified in the PAI images at depths beyond 2.5mm for PAI. Figure 3 presents the recovered a μ and s μ′ images by DOT (a) and PAI images (b) when a single target with a diameter of 4mm, 2mm, 1mm and 0.5mm was embedded 1.5mm below the surface of the phantom. We can observe that only the 4mm-diameter target can be reconstructed by DOT, while all the targets can be well recovered by PAI. In Fig. 3(c) , we plotted the normalized photoacoustic signal amplitude along a transect crossing the center of each target shown in Fig. 3(b) . The Full Width at Half Maximum (FWHM) of the normalized amplitude matches very well with the exact size of the target, demonstrating the high spatial resolution of PAI. Figure 4 gives the DOT ( a μ and s μ′ ) (a) and PAI (b) images for a target having 7, 5, and 3 times contrast for both the a μ and s μ′ embedded in the phantom at a depth of 1.5mm. We note that the target can be well recovered by DOT for all the cases, while the target with high contrast can be recovered and the low contrast target cannot be detected by PAI. In Fig. 4(c) , we plotted the recovered a μ and s μ′ values along a transect crossing each of the three targets (z = 8.5mm) for the images shown in Fig. 4(a) . The recovered a μ for all the three cases are close to the exact value, while s μ′ values are slightly lower than the exact values. We also plotted the normalized photoacoustic signal amplitude along a transect crossing the center of each target shown in Fig. 4(b) . Again, the FWHM agrees well with the exact target size. To demonstrate the in vivo imaging ability of our DOT/PAI probe, tumor-bearing mice without and with the use of targeted contrast agent were imaged. Figure 5 shows the recovered PAI (b) and DOT (c) images for a control tumor-bearing mouse without contrast agent administrated, while Figs. 5(d)-5(f) present the PAI (e) and DOT (f) images for a tumorbearing mouse systematically injected with 100pmole NIR-830-mATF-IONP, a peptide conjugated molecular probe loaded with both near-infrared dye and iron oxide nanoparticles that can target tumor cell receptors [24] . For the control case, we see that both PAI and DOT detected the tumor with low contrast (Figs. 5(b) and 5(c) ). When NIR-830-mATF-IONP was administrated, dramatically improved detection of tumor for PAI and clearly enhanced contrast (tumor-to-tissue) for DOT are obtained (Figs. 5(e) and 5(f)). The artifact seen at the top of the images is due to the strong absorption of blood block existing at the mouse skin. The results clearly show the advantages of this dual modal probe: The tumor margins can be identified by PAI due to its high spatial resolution; meanwhile, the quantitative information of optical properties of tumor can be provided by DOT.
The primary advantage of the combined miniature DOT/PAI probe presented here is its potential for endoscopic imaging. While promising, we are aware of it limitations, such as the long data acquisition time, not-optimized probe size, etc.. We plan to use a laser with 1 kHz repetition rate, making real-time imaging possible. Moreover, we will improve the spatial resolution of PAI by using a transducer with higher central frequency and focal light beam. We will also further miniaturize the probe size with optimized optical/acoustic alignment.
Conclusions
We have presented a novel MEMS-based DOT/PAI imaging system and evaluated it with both phantom and animal experiments. It has been demonstrated that this MEMS scanning mirror based miniaturized probe offers a great potential to develop a compact handheld probe for future clinical applications. To our best knowledge, this is the first report of a miniaturized DOT/PAI handheld probe based on a MEMS scanning mirror, which integrates the advantages of two different imaging methods. We plan to apply an improved miniature probe for endoscopic imaging of GI tracks.
